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Since  death  involves  exosmosis  of  substances  from  the  cell  it 
seems probable that if exosmosis can be accurately measured we may 
be  able  to  follow  the  progress  of  death  with  sufficient  exactness  to 
afford  a  satisfactory  basis  of  comparison  with  the  results  obtained 
from  measurements  of  electrical  conductivity.  At  the  same  time 
we  may hope  to  gain  direct  evidence  regarding  the  changes  in  per- 
meability which accompany death. 
The  measurement  of  exosmosis  by  analyzing  the  solution  which 
surrounds the cell involves obvious difficulties.  These may be avoid- 
ed  by  determining  the  concentration  of  dissolved substances in  the 
cell.  This  can  be  done  in  a  satisfactory  manner  in  the  case  ot 
Nitella,  I  whose sap can be obtained without contamination. 
Since the determination  of chlorides in the sap by the method de- 
scribed  by Irwin~ proved to  be convenient and sufficiently accurate, 
it  was  employed  for  the  measurement  of exosmosis in these  experi- 
ments.  *  The same amount of sap was used for each  determination. 
*The writer desires to express  his thanks to the Carnegie Institution of Wash- 
ington for a  grant to cover the expenses of this investigation. 
1 The species employed was collected at Woods Hole, and pending identification 
is designated as "Nitella A."  For the method of extracting the sap see Osterhout, 
W. J. V., J. Gen. Physiol.,  1921-22, iv, 275. 
Irwin, M., Y. Gen. Physiol.,  1922-23, v, 427. 
3 The temperature varied between 21 ° and 22°C.  The temperature coefficient 
(between 2  ° and 21°C.) of exosmosis from dead cells (killed in pure chloroform and 
still retaining their chlorides)  is not far from 1.3, as is to be expected.  The  tem- 
perature coefficient  (between 13  ° and 18°C.) of exosmosis of chlorides  from living 
cells placed in 0.3 per cent chloroform is about 1.8, which indicates that chemical 
processes  are at work. 
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This was measured by drawing it up to a  definite point in a  standard 
capillary  tube.  This  amount  of sap  expressed  from normal  cells  4 
titrated against 30 drops  5 of the dilute AgNO8 employed. 
Mter exposure to an aqueous solution of chloroform,  6 it was found 
that some of the  chlorides had  diffused out and less AgNO3 was re- 
quired  for  titration.  By  plotting  the  number  of  drops  required 
against the time of exposure we obtain a  curve of exosmosis, as shown 
in Fig. 1. 
It is evident that as long as the cell maintains its normal condition 
it retains all its chlorides,  but that as soon as sufficient injury occurs 
the  permeability  increases  and  the  chlorides  begin to  diffuse out. 7 
The  question  arises  whether  we  can  measure  this  increase  of  per- 
meability.  The  matter  may  be  simplified  by  considering  first  of 
all what would happen if the cell should be killed and thus become com- 
pletely permeable during the first instant of exposure to the solution 
of  chloroform.  In  that  case  we  might  perhaps  expect  the  process 
1  a 
to follow the formula K  =  ~  log ~  (in which a  =  the total amount 
of chlorides  and x  =  the  amount which diffuses out in  the  time  T) 
since  this  frequently  happens  with  experiments  on  diffusion.  The 
velocity constant,  K,  would  then  be expected  to  remain  the  same 
throughout; but when we follow the course of exosmosis in 0.4 per cent 
chloroform and calculate the velocity constant, we find that it steadily 
increases.  If  we  assume  that  the  outward  diffusion  of  chlorides 
4 Cells  3  inches  or  more  in  length were employed.  Only  freshly  collected 
material, of normal appearance, was used.  The criteria of normality are described 
in a previous paper (of. Foot-note 1). 
5 The actual concentration of the  chlorides  in the sap was about 0.128 ~  (cf. 
Foot-note 2). 
6 The chloroform was dissolved in distilled water of pH 6.2; at the concentrations 
employed the chloroform produced very little change in this pH value.  From 
twenty to thirty ceils were placed in about 1,500 cc. of solution;  this was stirred 
during exposure.  When the exposure was finished the cells were removed and very 
quickly freed from adhering solution by means of cloth or filter paper; the sap was 
then extracted from each cell as described in a previous paper~ and titrated. 
All concentrations of chloroform are stated as percentages by volume. 
7Cf.  Foot-note 2; also Hoagland, D. R.,  and Davis, A.  R.,  J. Gen.  Physiol., 
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follows  this  equation  whenever  the  permeability  remains constant 
during  the whole  process, we should  interpret  any  increase  of  the 
velocity  constant  to  indicate  an  increase  of  permeability,  and  the 
velocity  constant  would  be  regarded  as  a  measure  of permeability. 
It  is  a  simple  matter  to  determine  the  velocity  constant  at  any 
time  on  the  supposition  that  we  have  to  do  with  a  process which 
aSo 
Fzo.  1.  Curves of exosmosis of chlorides  in  aqueous solutions of chloroform 
(with the exception of the curve for 100 per cent, in which case the cells were killed 
in pure chloroform and then placed in distilled water to permit exosmosis to  take 
place); the ordinates show the concentration of chlorides in the cell sap (expressed 
as number of drops of AgNO3 required for titration). 
Each point represents the average of twenty or more experiments; the probable 
error of the mean is less than 1.5 per cent of the mean. 
behaves  as  a  monomolecular  reaction  whose  velocity  constant  is 
increasing  (as  would  be  the  case  if  the  temperature  were  rising). 
For example, we see that after an exposure of 22  seconds  to 0.4 per 
cent  chloroform,  26.25  drops  s  of  AgNO8  are  required;  measuring 
s The fact that the results are expressed in fractional parts of a drop is due  to 
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back on the curve we find that at 20 seconds 27.1  drops  were  neces- 
sary.  To find the velocity constant we may proceed as if the reaction 
started  at  20  seconds.  Employing  the  formula  given  above,  and 
putting  a  =  27.1  and a-x  =  26.25, we  obtain  (using  common  loga- 
rithms)  0.007  as  the  velocity constant.  Proceeding  in  this  manner 
we  obtain  the  values  given  as Ks  in  Column  5  of Table  I  (see also 
Fig.  2).  We  see  that  the  constant  rises  steadily  as  the  reaction 
proceeds,  and,  when  the  cell is dead,  reaches  a  maximum  at 0.0129. 
TABLE  I. 
Time. 
5ec. 
0 
15 
22 
3O 
40 
60 
75 
90 
120 
Drops 
of 
AgNOs 
30.0( 
30.0( 
26.25 
21.3£ 
16.5£ 
9.5~ 
6.3C 
4.14 
1.8~ 
K 6  * 
from 
pure 
:hloroforr 
0.0596 
0.0519 
0.0418 
0.0319 
0.0179 
0.0153 
0.0143 
0.0135 
0.0596  -- 
Kc 
0 
0.0077 
0.0178 
0.0277 
0.0417 
0.0443 
0.0453 
0.0461 
Ks  t 
from 0.4 
per  cent 
:hloroform. 
0.0070 
0.01101 
0.0115 
0.0125 
0.0125 
0.0129 
0.0129 
Kp 
=  Ks+ 
0.0596  -- 
K c 
0.0147 
0.0288 
0.0392 
0.0542 
0.0568 
0.0582 
0.0590 
"Con- 
stants":~ 
for K# 
0  0176 
0.01901 
0.0187 
0.0232 
0.0222 
0.0218 
0.0189  I 
6.779 
1.250 
7.940 
8.731 
1.671 
0.827 
0.403 
0.170 
"Con- 
stants"lq  for 
1 +Kp 
0.05697 
0.04271 
0.03913 
0.03382 
0.03094 
0.02530 
* This "constant" was obtained by reckoning back 1.25 seconds in each case; thus for 
the "constant" at 30 seconds the reaction was regarded as starting at 28.75 seconds. 
~ This "constant" was obtained by reckoning back 2 seconds in each case; thus for the 
"constant" at 30 seconds the reaction was regarded as starting at 28 seconds. 
:~ In calculating we subtract 15 seconds from the time given in Column 1 and put x =Kp 
and a  =  0.0596. 
§ We subtract 16.779 ( =  1 +  0.596) because this is the base line to which the curve 
falls. 
I] In calculating we subtract 22 seconds  from  the time given in Column 1 and put 
a  =  51.25 andl +Kp=  a--x. 
We  might  infer  from  this  that  when  the  cells  are  dead  and  com- 
pletely  permeable,  the  velocity  constant  at  22°C.  will  in  all  cases 
be 0.0129.  In order to test this it is desirable to study the exosmosis 
of cells which have  been made  completely permeable  by killing, but 
which  have  not yet  lost  their  chlorides.  For this purpose  the  sur- 
faces of living cells were  carefully freed from adhering drops of water 0.06- 
0.0,3- 
[] 
cent 
7----- 
FIG. 2.  Curves showing the change in the velocity constants (K) of the curve of 
exosmosis  shown in Fig. 1.  The velocity constants are plotted as ordinates; they 
1  a 
were calculated by means of the formula K  =  ~  log a--x"  The abscissm represent 
the stage of the reaction as denoted by  the concentration of chlorides in the sap 
(expressed as number of drops of AgNO~ required for titration). 
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by means of filter paper and placed for 10 minutes in pure chloroform. 
This  killed  the  cells  without  permitting  exosmosis  of  chlorides; 
when  such  cells  were  removed  from  chloroform  the  sap  required 
30  drops  of AgNO3  for  titration,  which  showed  that  the  cells  con- 
tained chlorides in normal amount. 
When  such  cells  (freed  from  adhering  drops  of  chloroform)  are 
placed  in  distilled  water  (at  pH  6.2)  the  chlorides  diffuse  out  and 
the constants of the curve of exosmosis may be calculated as described 
above.  We find  that  these  constants  diminish  during the progress 
of exosmosis as shown in Column 3 (Kc) of Table I  and in the upper 
curve in Fig. 2.  As this curve is a  straight line in the upper part of 
its  course we may extrapolate it to  the start  of the reaction  (at 30 
drops); we thus  obtain  the value 0.0596,  which may be regarded as 
the velocity constant when the cell has become completely permeable 
but has not yet lost its normal content of chlorides.  But as soon as 
the chlorides begin to diffuse out it is evident that something happens 
which diminishes the velocity constant2 
Inasmuch as we have already found that during the death of the 
cell the velocity constant increases, we may, for the purpose of analyz- 
ing  the  mechanism  concerned,  proceed  as  if  during  the  course  of 
death  two processes occur;  (1)  an  increase in  the  velocity constant 
due to an increase in permeability, and (2)  a  decrease in  the velocity 
constant which may be regarded as quite independent, since it occurs 
after the cell is dead and the plasma membrane is destroyed.  Hence 
if we wish  to follow the  changes in permeability we must  ascertain 
what the velocity constant would be if the second process were lack- 
ing.  This may be done by adding to the apparent velocity constant 
9 This is apparently due to the shape of the cell since the velocity constant also 
fails off when NaC1 diffuses out of a cylindrical thimble of parchment paper having 
approximately the shape of the cell.  In this case the graph was curved from the 
start so that it is quite possible that in extrapolating the curve for pure chloroform 
we should have taken a value somewhat  higher than 0.0596, but  this probably 
would  have little effect on the form of the time curve for permeability since it 
would probably involve only a small and constant addition to each ordinate. 
The fact that the curves for pure chloroform and for 0.4 per cent, 0.3 per cent, and 
0.2 per cent chloroform in Fig. 2 approach the same value at the end is due to the 
fact that they are approaching the same condition in respect to permeability and 
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in 0.4  per  cent  chloroform the  amount which has  been  subtracted 
from it  by  the  operation  of  the  second  process.  This  becomes  a 
simple matter if we plot the velocity constants against the number 
of drops as in Fig. 2.  In this way we can determine at any stage of 
the reaction, e.g. when half completed (at 15 drops), both the apparent 
velocity constant and the loss due to the second process.  By adding 
these together we obtain the value which the velocity constant would 
have if the second process were lacking.  This value may be assumed 
to express the permeability of the cell.  It is small at the beginning  ~° 
and rises during the progress of death (as shown in Table I, Column 
6  (K~)  and  in Fig. 3), ~ indicating an increase in permeability, such 
as would be expected when the cell is injured. 
If this curve actually represents the increase in permeability which 
occurs during death it is evident that it would be obtained directly 
1  log  a  if the diffusion  process always followed the equation K --  ~  a ----x 
whenever  the  permeability  remained  constant  during  the  entire 
process  of diffusion; we  find,  however,  that when the permeability 
remains constant  ~2 the outward diffusion of chlorides does not follow 
this equation but  behaves in  such  a  manner that  the value which 
expresses  the permeability is lowered by a  definite amount at each 
stage of the process.  We must therefore correct for this by adding 
to  the  value  which  expresses  the  permeability the  precise  amount 
which this lowering has subtracted from it.  This may be done in the 
manner described above. 
As an example of the method of calculation we may take the velocity 
constant at 22  seconds in 0.4 per  cent chloroform.  The number of 
drops is 26.25 and the velocity constant is 0.007.  At the correspond- 
ing stage of the process in pure chloroform (i.e.  at 26.25  drops)  the 
10 The fact that the cell is not wholly impermeable to  chlorides  is indicated by 
the results of Hoagland and Davis (Hoagland, D. R., and Davis, A.  R.,  J.  Gen. 
Physiol., 1922-23, v, 629), and by the fact that cells  placed in a solution  of chlorides 
conduct an electric current as described later in this paper. 
n In order to facilitate comparison, the ordinates in Fig. 3 are  multiplied by 
1.678, and 15 seconds are subtracted from the time values; this subtraction merely 
causes the curve to rise at once instead of after a latent period. 
n  I.e., when the cell has been killed without losing  its chlorides. 716  EXOSMOSIS 
velocity  constant  has  been  lowered  from  0.0596  (its  value  at  the 
start  of  the  reaction)  to  0.0519.  The  amount  of  this  lowering 
(0.0596  --0.0519  =  0.0077)  must be added  to  0.007  giving 0.0147. 
Proceeding in this manner we obtain the series of velocity constants  ~3 
designated as Kp in Table I; these give, when plotted against time, 
the  curve shown in Fig.  3. 
la It would, of course,  be possible to make the calculation in a  different man- 
ner.  We find, for  example, that  a  similar curve is obtained when  the velocity 
constant K~ is calculated from the equation for a bimolecular reaction.  In this 
case  the  constants rise both in 0.4 per cent chloroform and in pure chloroform 
from  the start.  Let  us  first  consider the  constants for  the curve for  the  pure 
chloroform.  The value of the constant at the start  (obtained by extrapolation) 
is 0.0028.  Any rise above this as there reaction proceeds is independent of changes 
in permeability (since it occurs in a  dead cell which is  completely permeable), 
and  hence  must be  subtracted from  the  apparent  rise of  permeability which 
occurs in a  living cell placed in 0.4 per cent chloroform.  When this is done we 
get  a  curve of  approximately the same form as that already obtained, but which 
is less regular and which does not agree  so well with the results obtained by the 
measurement of electrical conductivity, as  explained later.  The curve already 
obtained  (by calculating the constants from  the monomolecular formula) there- 
fore  seems preferable. 
As an example of the method of calculation we may take the curve for 0.4 per 
cent chloroform; after an exposure of 22  seconds  (as already mentioned) 26.25 
drops were required and, measuring back, we find that at 20 seconds 27.1 drops 
were needed.  We may regard the reaction as starting at 20 seconds, and proceed 
to find the constant.  If we suppose that in the bimolecular reaction a +  b = c the 
combining  substances, a and b, are of the same molecular concentration (i.e.  a  =  b) 
we may use the formula 
in which t  =  time and x  =  the amount of c produced.  If at 20 seconds the values 
of a and x are a~0 and x2o,  while at 22  seconds they are a~2 and x22 we may write 
K=  27--20 
= 
1 
K  =  ~ (0.038095 -- 0.0369)  -  0.000598 
Proceeding in this manner we obtain a  series  of values which may be compared 
with the curve obtained by calculation on a monomolecular  basis. 1.0- 
0.5- 
0 
FIO. 3.  Curve showing the increase in permeability during the progress of death, 
The  crosses are  derived  from the  measurements  of exosmosis;  the  circles and 
triangles from determinations of electrical conductivity.  The ordinates  express 
permeability; complete permeability (as found in dead cells)  is  taken  as  unity, 
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It is desirable that this curve be compared with that obtained from 
measurements  of  electrical  conductivity,  which  likewise  shows  the 
increase of permeability which takes place during the process of death. 
For this purpose determinations  of net electrical resistance were made 
as described in a  previous paper. 14  The cells  (from 50 to 100 in each 
case)  were  closely packed and the  current  was sent  through at right 
angles  to the long axes 15 of the cells.  The results 16 are shown in the 
curve in  Fig. 4. 
It has been shown that similar curves which are obtained in the case 
of Laminaria 17 may be expressed by the formula 
=  e  --e  +90e  +5 
This  formula also applies in the present  case,  as is evident from Fig. 
4, where the curve shows the values obtained by this formula and the 
points  show  the  observed  values.  In  this  case  18 we  put  KI  =  0.1 
and K2  =  3.15.  In the formula,  5 is added because this is the net re- 
sistance  of  the  dead  tissue) 9 and  therefore  represents  the  base  line 
to  which  the  curve  of resistance  falls. 
14Cf. Foot-note 1. 
15 When the current is sent through lengthwise the results are irregular.  This 
may be due to the fact that as the ceils die they lose their stiffness,  and the ends, 
which are not supported,  droop and  collapse.  Before the  determinations  were 
made the cells were placed for some t~me in fifteen parts sea water plus 85 parts 
distilled water (or in 25 parts sea water plus 75 parts distilled water, which had 
approximately the conductivity of the cell sap), and the measurements were made 
in this  solution.  If the addition of chloroform produced a  change in the con- 
ductivity this was corrected by the addition of sea water. 
16 The following values were obtained (expressing all resistances as per cent of 
the normal).  At 5 minutes, 61.5 per cent; 10 minutes, 39 per cent; 15 minutes, 24 
iper cent; 20 minutes, 14 per cent; 30 minutes, 9 per cent, 40 minutes, 6 per cent. 
All measurements were made at 21°C.,  or corrected to this figure. 
17 Cf. Osterhout, W. J. V., Injury, recovery, and death, in relation to conductivity 
and permeability, Philadelphia and London, 1922, 61. 
is If the constant of the curve is calculated by the monomolecular formula it 
will be found to fall from the start.  This is the case when K2 +  K1 >31.  When 
K2  +  K1  =  31 the constant is the same throughout the curve; when Ks  +  KI< 
31 the constant rises from the start.  Cf. Foot-note 17, p. 78. 
19 All resistances are expressed (as in the case of Laminaria) as per cent of the 
normal. W.  J.  V.  OSTERtIOUT  719 
It is evident that as the resistance of the protoplasm to the passage 
of  ions  decreases,  its  permeability  to  ions  must  increase,  and  vice 
versa.  We  may  therefore regard  the  reciprocal  or  resistance  (con- 
ductance) as a  measure of permeability,  s°  If we take the reciprocals 
PeP 
cent 
50- 
x 
,  ,,, 
Mi .o  3b  6b 
FIo. 4.  Curve showing the electrical resistance of Nitella in 0.4 per cent chloro- 
form (expressed as per cent of the normal).  Each point represents the average of 
ten or more experiments; the probable error of the mean is less than 10 per cent of 
the mean. 
of the values shown in  Fig.  4,  and plot them beside  s'  the values for 
Kp we obtain the points shown as circles in Fig. 3.  It is evident that 
there is a  very good agreement between this  curve,  which  expresses 
so Cf. Foot-note 17, Chapter VI. 
21 In order to facilitate comparison, the ordinates have been multiplied by 5 
and the abscissae by 0.0121. 720  EXOSMOSIS 
the permeability as measured electrically, and the curve of Kp which 
expresses  permeability as  determined by the measurement of exos- 
mosis.  The chief difference is that in the former the change of per- 
meability is much slower than in the latter.  In the former case, how- 
ever, the solution of chloroform comes into contact with the cells much 
more slowly, since the cells are tightly packed together, while in the 
latter case they are exposed singly to the solution.  In  order  to  de- 
termine  whether  this  could  account  for  the  difference,  cells  were 
placed in the conductivity apparatus in a  solution consisting of 100 
cc. of NaNO3 1•,  plus 30 cc. of Ca(NOB)2 1M, diluted to give the con- 
ductivity of a solution consisting of 15 parts sea water plus 85 parts 
distilled water; to this sufficient chloroform was added to make a 0.4 
per cent solution32  After the resistance had fallen to a definite point 
(e.g. to 50 per cent) the cells were quickly removed and the amount of 
chloride in the sap was determined.  It was found that there was a 
good agreement between the loss of resistance (in per cent) and the 
loss of chlorides  (in per  cent)  in a  given time.  We may therefore 
conclude that under the same experimental conditions the time curve 
of permeability derived from electrical determinations is practically 
identical with that  derived from  the  measurement of  exosmosis by 
the method described above. 
It may be thought that the curve of resistance is  not a  safe guide 
since  the  current passes  not only through the protoplasm but  also 
between the cells.  This difficulty has been discussed in a  previous 
paper and a method has been devised for calculating the protoplasmic 
resistance as distinguished from that of the whole mass of cells. 
If we  call  the  current which passes  through the protoplasm  Cp, 
and that which passes between the protoplasmic masses (through the 
cell wall and the spaces between the cells)  Cw, we may write 
Total current =  C  =  Cp +  C  w 
or, in terms of resistance, 
1  1  1 
Total current =  C -  + 
R  -  Rp  R W 
23 In this mixture exosmosis was as rapid as in 0.4 per cent chloroform  in dis- 
tilled water.  When  the chloroform  was omitted the cells lived well in the mixture. W.  J.  V.  OSTERHOUT  721 
where R  is the total net resistance of the mass of cells,  Re the resist- 
ance of the protoplasm, and Rw the resistance of the cell wall and the 
spaces between the cells. 
We find that when the cells are placed in solutions  23 of La(NO3)3, 
HC1, or alum,  s* the resistance rises above the normal, (which is taken 
as  100  per cent)  and in some cases reaches 350  per cent, and since 
some of the current must flow in the protoplasm, the amount which 
traverses the cell wall must be less  than this.  We are therefore safe 
in putting C  w as low as 1  -  400  =  0.0025.  Since the conductance 
of  the  cell  wall  suffers little  or  no  alteration where  the  chemical 
character (but not the conductivity) of the solution changes, we may 
take 0.0025  as the fixed value of Cw. 
We can now calculate the protoplasmic resistance from that of the 
whole mass of cells.  For example, under normal conditions the resist- 
ance is taken as  100  (and all other  resistances are expressed as per 
cent of the normal) and we may therefore write 
1 
c=100  0.0025+q, 
Whence  Cp  =  0.0075 
When, after 5  minutes, the resistance has fallen to 61.5  we have 
1 
C  =  --  -  0.0025 =  0.0138 
61.5 
Proceeding in this manner we obtain a  series of values which are 
plotted in Fig. 3  as  triangles.  2~  It will be seen that the  agreement 
with the curve of Kp is fairly close. 
It is therefore evident that the form of the time curve of permeability 
is practically the same whether it is derived from measurements of 
exosmosis, or of protoplasmic resistance, or of the resistance of the 
whole mass of cells.  This fact would seem to indicate that it is not 
far from a true picture of the process actually taking place.  It may 
23 Cf  . Osterhout, W. J. V., J. Gen. Physiol.,  1921-22, iv, 1; also Foot-note 17. 
2, All of these solutions had the same conductivity as the dilute sea water in 
which the normal resistance of the cells was measured. 
25 In  this case the absciss~ are multiplied by 0.0121,  while the ordinates are 
multiplied by 5.0633. 722  EXOSMOSIS 
be added  that  the general  character  of the  curve is what we might 
expect on the basis of evidence from derived plasmolysis, penetration 
of dyes, and other methods. 
We may calculate the constants for the time curve of permeability, 
(using the values of Kp from Table I) according to the monomol¢cu- 
lar formula, putting a  --- 0.0596 and a  -  x  --- 0.0596  -  Kp, and sub- 
tracfing  15 seconds to offset the latent period.  We thus obtain the 
constants  given in  Column  7  of Table  I.  It  is  evident,  therefore, 
that the time curve of permeability agrees with a reaction of the first 
order, somewhat inhibited at the start.  If the latent period were not 
subtracted the constants would be still smaller at the start  and  the 
agreement  with  the  curves  obtained  from  electrical  measurements 
would be still closer. 
The curves of permeability for 0.3 per cent and 0.2 per cent chloro- 
form are quite similar in form to that for 0.4 per cent, notwithstanding 
the fact that the curves for the constants of their curves of exosmosis 
differ (as shown in Fig. 2). 
It would,  of course, be possible to compare the curve of electrical 
resistance  with  the  similar  curve  obtained  from  measurements  of 
exosmosis  by taking  the  reciprocal  of Kp  (see  Column  8,  Table I). 
The difficulty arises that we do not know the value of this reciprocal 
at  the  start.  For  this  reason  comparison  is  unsatisfactory.  If we 
calculate the constant of the curve of 1  -  Kp from the formula K  = 
T log  a  --we  find that it fails as the reaction proceeds  (Column 9,  a--X 
Table I); this is also the case with the curve of electrical resistance, 
and as the latter follows the formula involving consecutive reactions, 
it appears  highly probable that  this is also the case with  the  curve 
of 1  +  K~. 
We may now consider a feature of exosmosis, which has not hitherto 
been discussed, namely the latent period at the start.  In the case of 
0.4 per cent chloroform there is a latent period of 15 seconds (Fig. 1) 
during which there seems to be no reaction; in the case of 0.3 per cent 
it is longer, 26 and in that o'f 0.2 per cent it is longer  still.  It  might 
26 The curve for 0.3 per cent was made with younger material than that employed 
in the case of the other curves.  With older material  exosmosis  would probably 
have been slower and the latent period longer.  The actual values of time in the w.  3.  v.  osrEm~ovr  723 
be suggested that this is connected with the decrease in permeability 
(as  determined by electrical conductivity) which has  been observed 
in some organisms immediately after the application of chloroform.  17 
This, however, does not seem  to occur in  Nitella  (as  shown by elec- 
trical measurements).  We find, moreover, that there is also a  latent 
period when the cell is killed by reagents such as NH4OH and NaOH, 
which produce no  decrease in permeability  (as  determined  by elec- 
trical  measurements).  The fact  that  the  latent period  is  less  with 
NH4OH than with NaOH may be correlated with the more rapid pene- 
tration of the former.  It is evident that the latent period might be 
due to a variety of causes and that further experiments will be neces- 
sary to  determine the real one37 
The  question  arises  whether  this  method  of  studying  exosmosis 
can be applied in the case of cells whose sap cannot be obtained without 
contamination.  In such cases we must resort to tests of the external 
solution.  It  therefore  seems  desirable  to  measure  exosmosis  in 
Nitella  by  testing  the  external  solution  and  to  compare the results 
with  those  obtained  by analysis  of  the  sap. 
For this purpose cells were placed  28 in about ten times their volume 
of 0.4  per  cent  chloroform, and  allowed  to  remain for 2  minutes. 29 
They were then removed  a° to another dish containing the same amount 
of solution; after 2 minutes they were removed to a new dish of solu- 
tion,  and  so  on until  10 minutes  had  elapsed.  After this they were 
transferred every 5  minutes  until 20 minutes more had  elapsed and 
thereafter the transfers were made at lengthening intervals.  In this 
experiment were  divided by 1.33 to correct for temperature.  These  corrected 
values are shown in Fig. 1, and the constants from the corrected curve are shown in 
Fig. 2. 
2~ In the experiments on the electrical conductivity ofNitella a latent period was 
not observed (except as an occasional irregularity).  This may possibly be due to 
the fact that the time relations of the whole process of death are altered by the 
close packing of the ceils in the conductivity apparatus. 
28 These experiments were made with another species, designated temporarily 
as "Nitella  C." 
29 The solution was stirred during the exposure. 
30 In some cases the ceils were dipped for an instant into a fresh solution of 
chloroform at each transfer in order to remove any chlorides present in the adhering 
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way chlorides were prevented from accumulating  sufficiently in  the 
external solution to influence the results, and the experimental condi- 
tions were therefore similar to those described in the beginning of this 
paper, where a large volume of solution was employed in order to pre- 
vent  the  concentration  of  chlorides  from  increasing  sufficiently  to 
cause an error. 
The chlorides in the external solution were determined by titration 
in the manner previously described.  When an interval of 20 minutes 
did not produce enough chlorides to require more than 1 drop of AgNO3 
the process was regarded as completed.  31 
The results, while showing a general agreement with those obtained 
by  titrating  the  expressed  sap,  were  much  more  irregular.  It  is 
not  improbable,  however,  that  this may be  obviated  by  improved 
technique .85 
It is quite possible that in applying this method to other organisms, 
curves of exosmosis may be  obtained  which  are  decidedly different 
from those found in the case of Nitella.  One possible reason for such 
differences may lie in the fact that in Nitella the chlorides are mostly 
combined with inorganic cations  33 which can readily diffuse out when 
the  cell  is  injured.  If,  however,  they  were  partly  combined  with 
substances which diffuse out slowly or not at all (except after chemical 
change, as in the case of some proteins)  the curve of exosmosis would 
be different from that found in Nitella. 
The method of testing  the external solution has been  employed 
by several  authors, 34  the  most  recent paper  which has  come  to  the 
31 In case we fail to regard the process as complete when it is really finished we 
shall overestimate the total amount of chloride which diffuses out, and this will 
make the constants of the curve of exosmosis appear to diminish toward the end. 
If some of the chlorides were in combination with substances  which diffuse out 
readily, while the rest were combined with substances which diffuse out slowly, it 
would be more difficult to determine the total amount of chlorides by testing the 
external solution than by testing the expressed sap, since in the latter case all the 
chlorides would be measured. 
32 In these experiments whole plants were used, including  cells of all sizes.  If 
selected cells of uniform size were employed the results might be more regular. 
83Cf.  Foot-note 1; also Hoagland, D. R., and Davis, A  .R., J. Gen.  Physiol., 
1922-23, v, 629. 
34 Brooks,  S.  C.,  Am.  J.  Bot.,  1916, iii,  483.  Stiles,  W.,  and J6rgensen,  I., 
Ann. Bot., 1915, xxix, 349.  Medes, G., and McClendon, J. F., J. Biol. Chem., 1920, 
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writer's  attention,  being  that  of  Gray,  35 who finds  that  the process 
of exosmosis is at first slow, then more rapid, and finally slows down. 
This was also the case in  the experiments  of Stiles and J6rgensen, 36 
and in those of the writer. 
We may summarize these results by saying that whether we study 
the process of death  by measuring  exosmosis or by determining  the 
electrical conductivity of the cell, we arrive at the same result.  It has 
been shown in previous papers 17 that the death curve may be expressed 
as  the  result  of  a  series  of  consecutive reactions.  This  leads to a 
quantitative  theory of the death process.  As a  result  of this  theory 
we have come to regard the death process as one which is always going 
on under normal conditions but which produces no disturbance of life 
processes unless  it  is unduly  accelerated by  an  injurious agent.  If 
this  interpretation  is correct  a  study of  death  may be  expected  to 
throw  considerable  light  on  the  normal  life  processes.  From  this 
standpoint the study of death becomes very important, and it is there- 
fore  to  be  hoped  that  the  method  outlined  above,  of  employing 
measurements of exosmosis for this purpose, may prove to be generally 
applicable. 
SUMMARY. 
The  time curve expressing  the increase in the permeability of Ni- 
tdla  during  the  progress  of  death  is  practically  the  same  whether 
derived from  measurements  of exosmosis or  of electrical  resistance. 
3s Gray, J., J. Physiol., 1921, lv, 322. 
38 Stiles, W., and JSrgensen, I., Ann. Bot., 1917,  xxxi,  47. 